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 GRAPHIC ABSTRACT 
 
 
 
 
 
 
 
 
 
ABSTRACT  
Aims: Reverse Cholesterol Transport (RCTr) is the mechanism by which excess cholesterol 
from peripheral tissues is transported to the liver for hepatobiliary excretion, thereby 
inhibiting foam cell formation and the development of atherosclerosis. Exercise affects RCTr,  
by influencing high-density lipoprotein cholesterol (HDL) through remodeling and by 
promoting hepatobiliary sterol excretion. The objectives of this systematized review of 
animal studies is to summarize the literature and  provide an overview of the effects of 
chronic exercise (at least two weeks) on apoliproteins (Apo A-I, Apo-E), Paraoxonase-1 
(PON1), ATP-binding cassette transporters (ABCA1, ABCG1, ABCG4, ABCG5, ABCG8), 
scavenger receptor class B type I (SR-BI), cholesteryl ester transfer protein (CETP), low-
density lipoprotein receptor (LDLr) and cholesterol 7 alpha-hydroxylase (CYP7A1) and 
Niemann-Pick C1-like 1 (NPC1L1).  
Materials and Methods: Three electronic databases (PubMed, Science Direct and Google 
Scholar) were searched for eligible studies conducted from the earliest available date to 
August 2018.  
Key findings: Most of studies investigate the effects of low to moderate intensity aerobic 
training on RCTr elements. The majority were on exercised rats undertaking moderate 
intensity aerobic training.  
Significance: This review highlights that moderate intensity and longer-term training has a 
greater effect on RCTr elements than low intensity training. There a few studies examining 
high intensity training which warrants further investigation.  
Keywords: ATP-binding cassette transporters (ABCs); cholesterol 7 alpha-hydroxylase 
(CYP7A1); low-density lipoprotein receptor (LDLr); Niemann-Pick C1-like 1 (NPC1L1); 
Paraoxonase-1 (PON1); Reverse Cholesterol Transport (RCTr). 
Highlights 
 Most studies use treadmill jogging or running as the mode of exercise and the rat is 
the most frequently used animal. 
 On review of the included studies, moderate intensity and longer-term training has 
more effect than low intensity exercise on RCTr elements.  
 There are few studies examining high intensity training on RCTr elements, which 
warrants further investigation. 
 PPAR, LXR, FXR, PXR, several hormones and cytokines are possible mechanisms 
that affect RCTr elements.  
 
 
 
 
 
 
 
 
  
1. Introduction 
Cardiovascular disease (CVD) is still the leading cause of death globally [1]. A strong 
inverse correlation between plasma concentrations of high-density lipoprotein cholesterol 
(HDL) and the incidence of atherosclerotic-driven CVD has been shown previously [2, 3]. 
This has led to the hypothesis that interventions aimed at increasing HDL levels might 
positively influence the risk of CVD [4, 5]. The main atheroprotective function of HDL 
particles is via the process of Reverse Cholesterol Transport  (RCTr) [6-8].  
The main molecules involved  in RCTr are apoliproteins (Apo A-I and Apo-E), 
Paraoxonase-1 (PON1), ATP-binding cassette transporters (ABCA1, ABCG1, ABCG4, 
ABCG5, ABCG8), scavenger receptor class B type I (SR-BI), cholesteryl ester transfer 
protein (CETP), low-density lipoprotein receptor (LDLr) and cholesterol 7 alpha-hydroxylase 
(CYP7A1) and Niemann-Pick C1-like 1 (NPC1L1) [9-11] (Figure 1).  ABCA1 transport 
cellular cholesterol and phospholipids to lipid-poor apolipoproteins, such as ApoA-I [12, 13]. 
ApoA-I also triggers a reaction called cholesterol esterification that converts cholesterol to a 
form that can be fully integrated into HDL and transported through the bloodstream [12, 14]. 
PON1 attracted significant interest as a protein that is responsible for the most of antioxidant 
properties of HDL[15]. ABCG1/G4 acts on the plasma membrane to facilitate the efflux of 
cellular sterols to exogenous HDL ([16, 17].  
Apolipoprotein E (ApoE) is a fat-binding protein that is part of the chylomicron and 
Intermediate-Density Lipoprotein (IDL). These are essential for the normal processing 
(catabolism) of triglyceride-rich lipoproteins. In peripheral tissues, ApoE is primarily 
produced by the liver and macrophages, and mediates cholesterol metabolism [18, 19]. The 
scavenger receptor class B type I (SR-B1) plays an important role in meditating the uptake of 
HDL-derived cholesterol and cholesteryl ester in the liver and steroidogenic tissues. In 
addition to being ubiquitous, SR-B1 is a HDL receptor in many tissues [12, 20].  
Cholesteryl ester transfer protein (CETP), also called plasma lipid transfer protein, is a 
plasma protein that facilitates the transport of cholesteryl esters and triglycerides (TG) 
between the lipoproteins. It collects TG from very-low-density lipoprotein (VLDL) or low-
density lipoproteins (LDL) and exchanges them for cholesteryl esters from HDL, and vice 
versa. However, CETP does a heteroexchange, trading a triglyceride for a cholesteryl ester or 
a cholesteryl ester for a triglyceride [21, 22].  
The Low-Density Lipoprotein Receptor (LDL-R) is a mosaic protein of 839 amino acids 
(after removal of 21-amino acid signal peptide) that mediates the endocytosis of cholesterol-
rich LDL. It is a cell-surface receptor that recognizes the apoprotein B100, which is 
embedded in the outer phospholipid layer of LDL particles. The receptor also recognizes the 
ApoE protein found in chylomicron remnants and VLDL remnants IDL [19, 23, 24]. 
CYP7A1 has an important role in cholesterol metabolism. It is a cytochrome P450 enzyme, 
which belongs to the oxidoreductase class, and converts cholesterol to 7-alpha-
hydroxycholesterol, the first and rate limiting step in bile acid synthesis. Hepatic G5/G8 
mediates cholesterol excretion into bile. Intestinal G5/G8, limit intestinal absorption and 
promote biliary excretion of neutral sterols [25, 26].  
Niemann-Pick C1-Like 1 (NPC1L1) is a polytopic transmembrane protein localized at the 
apical membrane of enterocytes and the canalicular membrane of hepatocytes. It functions as 
a sterol transporter to mediate intestinal cholesterol absorption and counterbalances 
hepatobiliary cholesterol excretion [10, 27]. Recent findings led to the beneficial effects of 
exercise on CVD [2, 28, 29]. Several molecular pathways and mechanisms of action affecting 
CVD risk have been found to be influenced by exercise, including cholesterol efflux and 
RCTr [2, 30]. This review aims to summarize current knowledge on the effects of chronic 
exercise (at least two weeks) on RCTr in animal studies.  
 
 
Figure 1. Reverse cholesterol transport. Adapted from Maqdasy et al (2016) [31]. 
 
2. Methods 
2.1. Data bases and keywords 
Three electronic databases were searched i.e. 1) PubMed, 2) Science Direct and 3) 
Google Scholar for eligible studies conducted from the earliest available date to August 2018. 
The following keywords were used in the searches in conjunction with Medical Subject 
Heading (MeSH) terms, including apolipoproteins (Apo A-I and Apo-E) and 
exercise/training/physical activity, Paraoxonase-1 (PON1) and exercise/training/physical 
activity, ATP-binding cassette transporters (ABCA1, ABCG1, ABCG4, ABCG5, ABCG8) 
and exercise/training/physical activity, scavenger receptor class B type I (SR-BI) and 
exercise/training/physical activity, cholesteryl ester transfer protein (CETP) and 
exercise/training/physical activity, low-density lipoprotein receptor (LDLR) and 
exercise/training/physical activity, cholesterol 7 alpha-hydroxylase (CYP7A1) and 
exercise/training/physical activity, Niemann-Pick C1-like 1 (NPC1L1) and 
exercise/training/physical activity. After searching 23,420 articles were identified. These 
papers were exported to Endnote program version 7 and after the removal of duplicates 525 
remained. Titles and abstracts were screened using the following inclusion criteria:  
2.2. Procedural condition of Included Studies 
(1) English language. 
(2) An original article on animal models. 
(3) The training intervention duration had to be at least 2 weeks. 
 
3. Results 
After full text screening, 41 papers were included in this review.  The total number and 
flow of articles identified from electronic searching databases is shownin Figure 2.  
 Figure 2. Results of database searching on the base of PRISMA Group (2009) [32]. 
The following sections provides a summary of the main findings of the identified 
molecules. Comprehensive details of the animal, exercise training protocol and results for 
each of the studies used in this review can be found in Table 1.  
 
 
3.1. ApoA-I  
de Moraes et al (2008) showed that aerobic exercise increases apolipoprotein A-I 
expression in the rabbit renal cortex [33]. Khabazian et al (2009) found endurance training 
enhances plasma apoA-I in rats [34]. Bouwman et al (2010) highlighted that endurance 
training enhances apoA-I expression in vastus lateralis muscle in horses [35]. Safarzade et al 
(2014) showed that resistance training enhances plasma levels of apoA-I in diabetic trained 
rats compared to a diabetic control group [36]. Garelnabi et al (2014) aerobic exercise has no 
significant effect on liver apoA-I gene expression in C57BL6 LDLr −/− mice [37]  
  
3.2. PON1  
Romani et al (2009) identified the endurance exercised rats have increased PON1 
expression in plasma but exercise  has no significant effect on liver microsomes PON1 
expression [38]. Lee et al (2012) showed that treadmill training enhances the plasma PON1 
level in ovariectomized rat [39]. Nounou et al (2012) found that swimming training showed a 
significant increase level of plasma PON1 in rats [40]. Garelnabi et al (2014) showed that 
treadmill exercise training has no significant effect on liver PON1 gene expression in 
C57BL6 LDLr −/− mice [37]. 
 
3.3. ABCA1 
        Schweitzer et al (2005) showed that aerobic exercise reduces heart ABCA1 expression 
[41]. Ghanbari-Niaki et al (2007) showed that endurance exercise enhances ABCA1 gene 
expression in rat liver [42]. Khabazian et al (2009) highlighted treadmill running exercise 
enhances intestine ABCA1 in rats [34]. Rocco et al (2011) showed that treadmill-running 
exercise enhances liver ABCA1 expression in  CETP-tg mice [43]. Zhang et al (2011) found 
that swimming enhances liver ABCA1 expression in Otsuka Long Evans Tokushima Fatty rats 
[44]. Ghanbari-Niaki et al (2013) highlighted that treadmill running exercise  has no significant 
effects on heart ABCA1 gene expression in rats [45]. Kazeminasab et al (2013) examined  rats 
exercising on a motor-driven treadmill significantly increases liver ABCA1 gene expression in 
rats [46]. Meissner et al (2013) showed that voluntary exercise has no significant effect on 
intestine ABCA1 gene expression in mice [47]. Ngo Sock et al (2014) found that endurance 
exercise increases liver and intestine ABCA1 gene expression in ovariectomized +training rats  
than ovariectomized control rats [48]. Ngo Sock et al (2014) found that endurance exercise 
enhances ileum ABCA1 expression in rats [49]. Garelnabi et al (2014) highlights that treadmill 
exercise  has no significant effect on liver ABCA1 gene expression in C57BL6 LDLr −/− mice 
[37]. Castro et al (2017) showed that swimming exercise  increased liver ABCA1 expression in 
both healthy and traumatic brain injury rats [50]. Ferreira et al (2017) showed that Abca1 
mRNA was not modified by endurance exercise  in mice aorta [51]. Rahmati-Ahmadabad et al. 
(2018) showed that high intensity interval training enhances liver and intestine ABCA1 gene 
expression in rat [52]. Pinto  et al. (2018) showed that aerobic exercise training did not change 
macrophages ABCA1 gene expression in 48 h after exercise program. However, exercise 
enhances macrophages ABCA1 gene expression observed immediately after  a training 
program in mice [53]. Kazeminasab et al. (2018) showed that endurance training increased and 
ABCA1 transcripts in Wistar male rats [54]  
 
3.4. ABCG1 
Zare Kookandeh et al (2012) highlighted that training increases ABCG1gene expression 
in rat small intestine [55]. Ghanbari-Niaki et al (2013) showed that endurance exercise  
significantly enhances visceral fat ABCG1 gene expression in rats [56]. Treadmill exercise 
reduced the expression of ABCG1 in mice aorta [51]. Rahmati-Ahmadabad et al. (2018) 
showed that high intensity interval training enhances liver not intestine ABCG1 gene 
expression in rat [52]. Pinto et al. (2018) showed that aerobic exercise training did not change 
macrophages ABCG1 gene expression  [53]. 
  
3.5. ABCG4 
The effects of exercise on ABCG4 has not been  studied extensively. To the authors 
knowledge only one study has evaluated the effects of aerobic training on ABCG4. Ghanbari-
Niaki et al (2013) found treadmill exercise training enhances ABCG4 gene expression in 
liver, small intestine, visceral fat not kidney tissues [57]  
 
3.6. ABCG5 
 Wilund et al (2008) showed that treadmill exercise training enhances duodenum 
ABCG5 and has no effect on jejunum and liver ABCG5 in C57L/J mice [58]. Meissner et al 
(2010) showed that voluntary training on running wheel has no significant effect on liver 
ABCG5 in old mice [59]. Meissner et al (2010) also showed that training  has no significant 
effect on intestine ABCG5 gene expression in mice [60].  Ghanbari-Niaki et al (2013) 
showed that exercise training  significantly enhances visceral fat ABCG5 gene expression in 
rats [56]. Cote et al (2013) showed that continuous treadmill running exercise has no 
significant effect on liver ABCG5 expression significantly increases  intestine ABCG5 
expression in rats [61]. Meissner et al (2013) showed that voluntary exercise has no 
significant effect on liver and intestine ABCG5 gene expression in mice [47]. Ngo Sock et al 
(2014) showed that continuous treadmill exercise  has no effect on ileum ABCG5 expression 
in rats [49]. de Bem et al (2018) showed that exercise training has no significant changes in  
liver ABCG5 in rat [62].  
 
3.7. ABCG8 
Wilund et al (2008) highlighted that treadmill running exercise enhances duodenum 
ABCG8 and has no effect on jejunum and liver ABCG8 in C57L/J mice [58]. Treadmill 
running exercise enhances duodenum ABCG8 and has no effect on jejunum and liver 
ABCG8 in C57L/J mice [58]. Meissner et al (2010) showed that voluntary training  has no 
significant effect on intestine ABCG8 gene expression in mice [60]. Meissner et al (2010) 
showed that voluntary training has no significant effect on liver ABCG8 in mice [59]. 
Rahmati-Ahmadabad et al (2012) showed that aerobic training has no significant effect on 
liver ABCG8 expression in rats [63]. Ghanbari-Niaki et al (2012) showed that exercise 
increases intestine ABCG8 gene expression and has no significant effect on kidney ABCG8 
expression in rats [64]. Cote et al (2013) showed that continuous running on a rodent 
treadmill enhances liver and intestine ABCG8 expression in rats [61]. Meissner et al (2013) 
found that voluntary running has no significant effect on liver and intestine ABCG8 gene 
expression in mice [47]. Ngo Sock et al (2014) showed that exercise training enhances ileum 
ABCG8 expression in rats [49]. de Bem et al (2018) highlighted exercise training on 
treadmill has no significant changes liver ABCG8 in rat [62].  
 
3.8. ApoE  
The effects of exercise on apoE is not studied extensively in animals. Richardson et al 
(2009) found that endurance exercise induced increases in apolipoprotein E in LDL compared 
to control and diabetic dyslipidemic groups in pigs [65]  
 
3.9. SR-BI  
 Wilund et al (2008) showed that exercise enhances liver SR-BI in C57L/J mice 
[58]. Meissner et al (2010) showed that voluntary training has no significant effect on liver 
SR-BI in mice [59]. Rocco et al (2011) showed that treadmill exercise training has no 
significant effect on liver SR-BI expression in  CETP-tg mice [43]. Ngo Sock et al (2014) 
showed that endurance training increases SR-BI in training and ovariectomized +training 
than ovariectomized rats [48]. Pinto et al (2015) showed that aerobic exercise training 
enhanced hepatic expression of SR-BI in C57BL/6N mice [30]. Rahmati-Ahmadabad et al. 
(2018) showed that high intensity interval training enhances intestine not liver SR-BI gene 
expression in rat [52]. Pinto  et al. (2018) showed that aerobic exercise training did not 
change SR-BI in mice [53].  
 
3.10. CETP 
The effects of training on CETP are not studied extensively in animals. Casquero et al 
(2017) found that swimming training had the independent effects on decreasing plasma CETP 
in mice [66]. Pinto  et al. (2018) showed that aerobic exercise training did not change CETP 
activity in mice [53]. 
 
3.11. LDLr  
Wei et al (2005) highlighted aerobic exercise showed an increase in LDL receptor gene 
expression in the liver of C57 BL/6 mice [67]. Wilund et al (2008) found endurance exercise 
enhances liver LDL-r in C57L/J mice [58]. Rocco et al (2011) showed that treadmill exercise 
increases liver LDL-r expression in  CETP-tg mice [43]. Wen et al (2013) showed that 
hepatic LDLr expression in C57BL/6 mice was increases in or a high-fat+exercise group  
than high-fat. There was  no change in LDLR protein abundance in hepatic total tissue or 
membrane extracts between trained and untrained animals [68]. Ngo Sock et al (2014) 
showed that exercise on treadmill reduces LDLR in ovariectomized +training than 
ovariectomized rats [48]. Pinto et al (2015) showed that aerobic exercise training enhanced 
hepatic expression of LDLR in C57BL/6N mice [30]. Ngo Sock et al (2016) showed that 
exercise training did not affect LDLR responses in Ovx rats. Liver LDLr gene expression was 
decreased in Ovx –training saline than Sham-Sed- Sal [69]. Farahnak et al (2017) showed 
that voluntary exercise enhances liver LDLr expression in ovariectomized+ high cholesterol 
diet and high cholesterol diet rat [70]. Rodrigues et al. (2018) showed that exercise training 
on ergometric treadmill alters hepatic morphology of low-density lipoprotein receptor 
knockout ovariectomized mice [71]. 
 
3.12. CYP7A1  
Rocco et al (2011) found that  aerobic exercise decreases liver CYP7A1 expression in  
CETP-tg mice [43]. Cote et al (2013) showed that continuous running on a treadmill has no 
significant effect on liver CYP7A1 expression and increases intestine CYP7A1 expression in 
rats [61].  Pinto et al (2015) showed that aerobic exercise training enhanced hepatic 
expression of CYP7A1 in C57BL/6N mice [30]. Musman et al (2016) showed that exercised 
mice without any exhaustion had no significant effect on liver CYP7A1 gene expression [72]. 
Farahnak et al (2017) showed that voluntary exercise enhances liver CYP7A1 expression in 
variectomized and ovariectomized+ high cholesterol diet rat [70]. 
 
3.13. NPC1L1 
Wilund et al (2008) showed that treadmill-running exercise enhances duodenum NPC1L1 
and has no effect on jejunum NPC1L1 in C57L/J mice [58]. Ngo Sock et al (2014) showed 
that continuous running on treadmill reduces ileum NPC1L1 expression in rats [49].  
 
 
 
 
 
Table 1. Details of the exercise training protocol and results for each study. 
Author (Year) 
[Reference] 
Mode of 
exercise 
Days 
per 
week 
Duration per session and Intensity 
Classification 
of Intensity 
No. of 
Weeks 
Animal Results 
Wei et al. 2005 
[67] 
treadmill 7 30 minutes/day, 15 meters/minute low 2 C57 BL/6 mice Increase in LDL receptor gene expression in the liver 
Schweitzer et al. 
2005 [41] 
running 
wheel 
2 
1 hour periods of exercise in a large 
plastic box containing plastic tubes for 
exploration and movement 
low 60 rat Reduces heart ABCA1 expression 
Ghanbari-Niaki 
et al. 2007 [42] 
treadmill 5 
90 minutes/day, 0% grade, 25 
meters/minute 
moderate 6 rat Enhances ABCA1 gene expression in liver 
de Moraes et al. 
2008 [33] 
treadmill 5 
60 minutes/day, 0% grade, 18 
meters/minute 
low 12 rabbit Increases apolipoprotein A-I expression in renal cortex 
Wilund et al. 
2008 [58] 
treadmill 5 
gradually increasing to 45 minutes of 
running by the end of the first week, 12–
15 meters/minute, 65%VO2 max 
moderate 12 C57L/J mice 
Enhances duodenum ABCG5 and ABCG8, has no effect on jejunum and liver 
ABCG5 and ABCG8. Enhances liver SR-BI and LDL-r. enhances duodenum 
NPC1L1 and has no effect on jejunum NPC1L1 
Khabazian et al. 
2009 [34] 
treadmill 5 
60 minutes/day, 0% grade, 25 
meter/minute, 
moderate 12 rats Enhances plasma apoA-I and intestine ABCA1 
Romani et al. 
2009 [38] 
treadmill 3 
1 hour/day, 10% incline at increasing 
speed. The training protocol required a 
gradually increasing effort for 3 weeks to 
reach 65% VO2max, then continued for a 
further 7 weeks 
moderate 10 rat 
Increases PON1 expression in plasma and has no significant effect on liver 
microsomes PON1 expression 
Richardson et al. 
2009 
treadmill 4 
30 minutes/day, 65–75% of maximal 
heart rate 
moderate 14 pigs 
Increases in apolipoprotein E in LDL compared to control and diabetic 
dyslipidemic groups 
Bouwman et al. 
2010 [35] 
training 4 
sessions of endurance training at 60% 
and 75% of HFest-max and high 
intensity training at 80% of HFest-max 
Moderate and 
high 
18 horses Enhances apoA-I expression vastus lateralis muscle 
Meissner et al. 
2010 [60] 
running 
wheel 
7 voluntary exercise low 2 mice Has no significant effect on intestine ABCG5 and ABCG8 gene expression. 
Meissner et al. 
2010 [59] 
running 
wheel 
7 voluntary exercise low 2 old mice Has no significant effect on liver ABCG5, ABCG8 and SR-BI. 
Rocco et al. 2011 
[43] 
treadmill 5 30 minute/day, 15 meters/minute low 6 
in  CETP-tg 
mice 
Enhances liver ABCA1 and LDL-r and reduces liver CYP7A1  expression. has no 
significant effect on liver SR-BI expression 
Zhang et al. 2011 
[44] 
swimming 5 1 hour/day moderate 12 rats Enhances liver ABCA1 expression 
Ghanbari-Niaki 
et al.2012 [64] 
treadmill 5 
60 minutes/day, 0% grade, 25 
meters/minute 
moderate 8 rats 
Increases intestine ABCG8 gene expression and has no significant effect on kidney 
ABCG8 expression 
Rahmati-
Ahmadabad et al. 
2012 [63] 
treadmill 5 
60 minutes/day, 0% grade, 25 
meters/minute 
moderate 8 rat Has no significant effect on liver ABCG8 expression 
Lee et al. 2012 
[39] 
treadmill 4 30 minute/day low 12 
ovariectomized 
rat 
Enhances the plasma PON level 
Nounou et al. 
2012 [40] 
swimming 5 one hour/day, 10 meters/minute moderate 6 rats Increases level of plasma PON 1 
Zare Kookandeh treadmill 5 60 minutes/day, 0% grade, 25 moderate 8 rat Increases ABCG1gene expression in small intestine 
et al. 2012 [55] meters/minute 
Ghanbari-Niaki 
et al. 2013 [56] 
treadmill 5 
60 minutes/day, 0% grade, 25 
meters/minute 
moderate 8 rat Enhances visceral fat ABCG1 and ABCG5 gene expression 
Cote et al. 2013 
[61] 
treadmill 5 
ran from 15 minutes/day at 15 
meters/minute, 0 % grade, up to 60 
minutes/day at 26 meters/minute, 10 % 
grade,75 % of VO2 max 
moderate 6 rat 
Has no significant effect on liver ABCG5 and CYP7A1 expression significantly 
increases  intestine ABCG5, ABCG8 and CYP7A1 expression in rats, enhances 
liver  ABCG8 expression. 
Ghanbari-Niaki 
et al. 2013 [57] 
treadmill 5 
60 minutes/day, 0% grade, 25 
meters/minute 
moderate 8 rat 
Enhances ABCG4 gene expression in liver, small intestine, visceral fat not kidney 
tissues 
Ghanbari-Niaki 
et al. 2013 [45] 
treadmill 5 
60 minutes/day, 0% grade, 34 
meters/minute 
high 8 rats No significant effects on heart ABCA1 gene expression 
Kazeminasab et 
al. 2013 [46] 
treadmill 5 
60 minutes/day, 0 % grade, 28 
meters/minute 
moderate 8 rats Increases liver ABCA1 gene expression 
Meissner et al. 
2013 [47] 
running 
wheel 
7 voluntary exercise low 12 mice 
Has no significant effect on intestine ABCA1 gene expression. Has no significant 
effect on liver and intestine ABCG5 and ABCG8 gene expression. 
Wen et al. 2013 
[68] 
treadmill 5 26 meters/minute moderate 8 C57BL/6 mice 
Hepatic LDLr expression was increases in or a high-fat+exercise group than high 
fat. There was  no change in LDLR protein abundance in hepatic total tissue or 
membrane extracts between trained and untrained animals 
Safarzade et al. 
2014 [36] 
resistance 
training 
3 6 repetitions/set  4 rats 
Enhances plasma levels of apoA-I in diabetic trained rats compared to a diabetic 
control group 
Garelnabi et al. 
2014 [37] 
treadmill 5 30 minutes/day, 15 meters/minute low 4 
C57BL6 LDLr 
−/− mice 
No significant effect on liver ABCA1 and PON1gene expression 
Ngo Sock et al. 
2014 [48] 
treadmill 5 
from 15 minutes/day at 15 
meters/minute, 0 % grade for 2 weeks, 
up to 60 minutes/day at 26 etresm/ 
minute, 10 % grade, for the last 8 weeks 
moderate 10 rats 
Increases liver and intestine ABCA1 gene expression in ovariectomized +training 
rats  than ovariectomized control rats. Increases SR-BI in training and 
ovariectomized +training than ovariectomized rats. reduces LDLR in 
ovariectomized +training than ovariectomized rats 
Ngo Sock et al. 
2014 [49] 
treadmill 5 
from 15 minutes/day at 15 
meters/minute, 0% grade, for the first 2 
weeks, up to 60 minutes/day at 26 
meters/minute, 10% grade, for the last 4 
weeks 
moderate 8 rats 
Enhances ileum ABCA1 and ABCG8 expression. Has no effect on ileum ABCG5 
expression. reduces ileum NPC1L1 expression 
Pinto et al. 2015 
[30] 
treadmill 5 30 minute/day, 15 meters/minute low 6 
C57BL/6N 
mice 
Enhanced hepatic expression of SR-BI,  LDLR and CYP7A1. 
Ngo Sock et al. 
2016 [69] 
running 
wheel 
7 voluntary exercise low 3 rats 
Did not affect LDLR responses in Ovx rats. Liver LDLR gene expression was 
decreased in Ovx –training saline than Sham-Sed- Sal 
Musman et al. 
2016 [72] 
treadmill 5 
30 min of coronary artery occlusion 
followed by 15 min of reperfusion 
(exercise without any exhaustion) 
low 4 mice Had no significant effect on liver CYP7A1 gene expression 
Casquero et al. 
2017 [66] 
swimming 5 60 minutes/day moderate 6 mice Had the independent effects on decreasing plasma CETP 
Ferreira et al. 
2017 [51] 
treadmill 5 60 minutes/day, 15 meters/minute low 6 mice 
Abca1 mRNA was not modified by exercise. reduced the expression of Abcg1 in 
mice aorta 
Castro et al. 
2017 [50] 
swimming 5 60 minute/day moderate 6 rats Increased liver ABCA1 expression in both healthy and traumatic brain injury rats 
Farahnak et al. 
2017 [70] 
rotating 
wheel 
7 voluntary exercise low 5 rat 
Enhances liver LDLR expression in ovariectomized+ high cholesterol diet and high 
cholesterol diet rat. Enhances liver CYP7A1 expression in variectomized and 
ovariectomized+ high cholesterol diet rat. 
Rahmati-
Ahmadabad et al. 
2018 [52] 
treadmill 5 30 minute/day, 90%–95% of VO2max high 10 rat 
Enhances liver and intestine ABCA1 gene expression. Enhances liver not intestine 
ABCG1 gene. enhances intestine not liver SR-BI gene expression in rat 
Pinto  et al. 2018 
[53] 
treadmill 5 30 minute/day, 15 meters/minute low 6 mice 
Did not change macrophages ABCA1 gene expression in 48 h after exercise 
program. However, enhances macrophages ABCA1 gene expression observed 
immediately after exercise training program. Did not change macrophages ABCG1 
gene expression.  Did not change SR-BI in mice. Did not change CETP activity in 
mice. 
Kazeminasab et 
al. 2018 [54] 
treadmill 5 60 minute/day, 28 meters/minute moderate 8 rats Increased ABCA1 transcripts 
de Bem et al. 
2018 [62] 
treadmill 5 
30 minutes/day, 0% grade, 50-60% 
maximal treadmill stress test 
low 4 rat Has no significant changes in  liver ABCG5 and ABCG8 
Rodrigues et al. 
2018 [71] 
treadmill 5 1 hour/day, 50-70% VO2max moderate 4 mice 
Alters hepatic morphology of low-density lipoprotein receptor knockout 
ovariectomized mice 
 
 
 
 
4. Discussion 
The findings of the studies highlighted in this review show that  exercise training (lower 
than 4 weeks) has no significant effects on RCTr [59, 60]. However, one study showed that 5 
weeks of voluntary exercise enhances liver LDLr expression in ovariectomized+ high 
cholesterol diet and high cholesterol diet rats, as well as, enhances liver CYP7A1 expression 
in variectomized and ovariectomized+ high cholesterol diet rat [70], so greater than 4 weeks 
could be essential for these markers in particular. 
Exercise training up to  12 weeks of voluntary exercise has no significant effect on 
intestine ABCA1 gene expression, as well as, has no significant effect on liver and intestine 
ABCG5 and ABCG8 gene expression [47]. Longer duration training protocols appear to have 
more significant effects than shorter protocols in that 60 weeks of voluntary exercise reduces 
heart ABCA1 expression [41].  
It is evident that most studies use treadmill jogging or running as the mode of exercise 
and the rat is the most frequently used animal. This is because they have a  similar genome to 
humans. In addition, their control and maintenance is convenient for researchers.Intensity is 
most commonly  reported as meters/minutes in which the authors have categorised as low 
intensity ( ≤18 meters/minutes), moderate intensity (19 - 28 meters/minutes) and high 
intensity (more than ≥ 29 meters/minutes). The findings reagrding low-intensity exercise are 
mixed, with some studies showing no significant effects on RCTr [37, 53]. However, some 
showed significant effects on RCTr elements in responses to low-intensity exercise [43, 58, 
67]. It is notable that, the effective low-intensity exercise reported in animal studies that use 
mice [43, 58, 67] is different  to studies that used rats [37, 53]. It possible the type  of animals 
is important and will influence the findings. 
Research is clear that moderate-intensity exercise significantly changes  RCTr elements. 
The majority of the research has investigated the effects of  moderate-intensity exercise 
exercise on RCTr elements.  However, they used fixed intensity of aerobic exercise and other 
exercise modes and types  has not been investigated substantially. Research examining high-
intensity exercise is minimal as has only been examined in two studies [45, 52] (Table. 1). 
Overall, it seems that  higher  than lower- intensity  training enhances liver and intestine 
ABCA1 gene expression, as well as, enhances liver but not intestine ABCG1 gene expression 
and enhances intestine not liver SR-BI gene expression in rat [52]. Future research should be 
undertaken to determine the different effects of type and intensity of exercise on RCTr 
elements.  
The mechanisms related to effects of exercise on RCTr is still unclear. However, there 
were several posited mechanisms to identify the positive effects of exercise on lipid profile to 
consequently decrease the risk of cardiovascular disease development (Figure 3). Nuclear 
receptors are a large family of the abundant transcriptional genes whose role is to regulate 
wide gene expression in the animal kingdom. They are recognized as nuclear hormone 
receptors which act as ligand-activated transcription factors. Studies have shown these 
receptors participate directly in connection to several signaling molecules in control of 
transcription responses and processing. As suggested and classified by Robinson-Rechavi et 
al. (2003), nuclear receptors with natural ligand which bind to small molecules  and non-
natural ligand  or nuclear orphan receptors [73]. However, Chawala et al (2001) identified  
there might be numerous  nuclear receptors; endocrine receptors (lignds; high-affinity 
hormonal lipids),adopted orphan receptors (ligand; low-affinity dietary lipids), and orphan 
receptors (ligands; unknown) [74].  
 
When considering  the role of these receptors involved in HDL biogenesis elements and 
also in cholesterol efflux via activation, the most and very common nuclear recptors could be 
focused on adopted orphan receptors lignad to dietary lipids at  low-affinity such as; retinoid 
X receptors (RXR α, β, and γ, the common heterodimer partners) peroxisome proliferator-
activated receptors (PPAR α, γ, and δ  the  fatty acids sensors),  liver X receptors (LXR α, β, 
the sterol sensors), farnesoid  X receptor (FXR, the bile acids sensor), and  the constitutive 
androstane receptor (CAR) and pregnane X receptors (RXR) and steroid xenobiotic receptors 
(SXR) which are recognized as xenobiotic sensors. It has been shown that some of the 
adopted orphan nuclear receptors play more effective and crucial role in cholesterol efflux via 
stimulating RCT process through the ATP- binding cassette transporters, particularly  ABCA 
and ABCG family members [75, 76]. In this regard, LXR seems to be in the center of the 
cholesterol efflux from tissues toward liver.  
Repa et al. (2000), showed that several nuclear receptors that formed heterodimers with 
the RXR complex, such as PPAR, regulate ABCA1 gene expression. [77]. Oliver et al. 
(2001) found that macrophages, lymphocytes, and intestinal cells increased ABCA1 gene 
expression and induced an increase in ApoA-1 cholesterol uptake, when cells were treated 
with PPAR agonist [78]. They showed that PPAR agonist treatement has positive effect on  
HDL and LDL regulation [78]. PPARs have receptors like LXR that regulate the expression 
of genes controlling fat. Butcher et al. (2008) showed that eight weeks endurance training 
increased LXR gene expression. They have suggested that the activation of the PPAR ligand 
leads to the initial activation of LXR and eventually LXR causes upregulation of ABCA1 and 
ABCG1 [79].  
Rahmati-Ahmadabad et al. (2018) showed that high-intensity interval training induced an 
increase in liver LXR gene expression that has positive correlation with liver ABCA1 gene 
expression [80]. They found that FXR suppresses CYP7A1 in the intestine [81]. PXR 
promotes CYP7A1 expression in mice [82, 83]. However, one study did not comfirm the 
effects of PPAR on regulation of lipid and glycemic metabolism in RCTr. Greene et al. 
(2012) showed that  exercise-induced activation of PPAR isoforms [84].  They showed that 
training increased 39%  protein content of PPAR alpha and 122% protein content of PPAR 
alpha in muscle. In addition, training induced  an increase in AMPK content, FAT/CD36, 
lipoprotein lipase, CPT-1 and COX-IV. However, the protein content of ABCA1 and LDLR 
did not differ in control and trained groups.  
Increase in  AMPK content ispositively correlated with HDL concentration. In addition, 
increase in PPAR delta has a negative correlation with LDL concentrations.  However, the 
protein content of ABCA1 and LDLR did not difference in control and trained groups. 
Generally, physical training increases the expression of AMPK and PGC1-alpha to activation 
of PPAR. In adition, physical training increases the expression of LXR. Consequntly, PPAR, 
LXR, FXR and PXR induced changes in some genes related to oxidative metabolism and 
transport of lipoproteins.  
Several studies highlight that thyroid hormones and thyromimetics have regulatory effects 
on RCTr elements. Plasma apoAI levels enhances responces to triiodothyronine (T3) and the 
thyromimetic (CGS-23425) hormones [85, 86]. In addition, thyroid hormones and 
thyromimetics to stimulate SRBI, CYP7A1, ABCG5 and ABCG8 [87-90]. It is reported that 
thyroid hormone receptor beta mediated the effect of T3 on the stimulation of CYP7A1 
expression [87]. Eight weeks treatment with thyromimetic T-0681, up-regulation of both 
hepatic ABCG5/G8 and CYP7A1 in apoE knockout mice [89]. Pedrelli et al. (2010) suggest 
that thyroid hormone receptor beta stimulate RCT and decrease atherosclerosis in animal 
models [91]. Sex hormones also effects  lipid metabolism [92].  
Insulin signal transduction alters  lipid and lipoprotein metabolism [93]. Several studies 
showed that pro-inflammatory factors such as interferon-gamma (IFN-γ), endotoxin, tumour 
necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β), regulate  cholesterol efflux via 
changes in RCTr process. The incubation of foam cells with IFN-γ results in the reduction of 
HDL3-mediated cholesterol efflux [94]. This decrease is not observed in other macrophage-
activating factors, such as colony-stimulating factor. These findings suggest that IFN-γ 
contributes to the progression of an atherosclerotic lesion by altering the pathway of 
intracellular cholesterol trafficking in macrophage foam cells. Khovidhunkit et al. (2003) 
showed that the mRNA levels of ABCA1 and ABCG1 are decreased in responce to endotoxin 
or cytokines such as TNF-α and IL-1β [95]. Transforming growth factor beta (TGF-β) 
enhances the cholesterol efflux mediated by apoA-I or HDL that consistent with an increase 
in ABCA1 expression [96].  
 
5. Conclusion 
Exercise has a positive impact on atherosclerosis and reducing the risk of CVD, a major 
concern of today’s health care systems. It is important to emphasize that the positive effects 
of physical training on CVD are thought to be mediated by diverse mechanisms, including 
the alteration of elements of the RCTr process. The aim of this article was to review the 
effects of any types of exercise training (more than two weeks) on RCTr elements in animal 
models. After evaluating available literature in animals from PubMed, Science direct and 
Google Scholar, it is clear that most of the studies investigate the effects of aerobic training 
on RCTr  elements and effects of other types of training are poorly understood. The findings 
of this review suggests that moderate to higher intensity and longer-term protocols have more 
significant effects than lower intensity activity and short-term protocols on RCTr in animal 
models.  PPAR, LXR, FXR and PXR and several hormones and cytokines affect RCTr 
elements though mechanisms of exercise induced RCTr changes are unclear. Future research 
should determine these mechanisms as well as examine various modes and high intensity 
exercise.  
 
 Figure 3. The mechanisms related to effects of exercise on RCTr 
 
 
 
 
 
 
 
 
 
 
Conflicts of interest 
The authors have no conflicts of interest to declare. 
 
Funding 
None. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Contributions 
SRA conceived and designed this study. SRA collected the studies. SRA and DRB wrote the 
manuscript. HSH rechecked the collected studies. AGN revised and improved the quality of 
the paper. All authors read and approved the final version of the manuscript. 
 
Acknowledgments 
The authors appreciate R. Fathi PhD (Exercise Biochemistry Division, Faculty of Sport 
Sciences, University of Mazandaran, Babolsar, Mazandaran, Iran) for their helpful 
comments. 
 
 
 
 
 
 
 
 
 
 
 Refrences 
1. Finegold JA, Asaria P, Francis DP  Mortality from ischaemic heart disease by 
country, region, and age: statistics from World Health Organisation and United Nations. 
International journal of cardiology. 2013; 168 (2):934-45.10.1016/j.ijcard.2012.10.046 
2. Ahn N, Kim K  High-density lipoprotein cholesterol (HDL-C) in cardiovascular 
disease: effect of exercise training. Integr Med Res. 2016; 5 (3):212-
5.10.1016/j.imr.2016.07.001 
3. Li X, Wang A, Wang J, Wu J, Wang D, Gao X, Wu S, Zhao X  Association between 
High-density-lipoprotein-cholesterol Levels and the Prevalence of Asymptomatic Intracranial 
Arterial Stenosis. Scientific reports. 2017; 7 (1):573.10.1038/s41598-017-00596-9 
4. de Freitas EV, Brandao AA, Pozzan R, Magalhaes ME, Fonseca F, Pizzi O, Campana 
E, Brandao AP  Importance of high-density lipoprotein-cholesterol (HDL-C) levels to the 
incidence of cardiovascular disease (CVD) in the elderly. Archives of gerontology and 
geriatrics. 2011; 52 (2):217-22.10.1016/j.archger.2010.03.022 
5. Marz W, Kleber ME, Scharnagl H, Speer T, Zewinger S, Ritsch A, Parhofer KG, von 
Eckardstein A, Landmesser U, Laufs U  HDL cholesterol: reappraisal of its clinical 
relevance. Clin Res Cardiol. 2017; 106 (9):663-75.10.1007/s00392-017-1106-1 
6. Rothblat GH, Phillips MC  High-density lipoprotein heterogeneity and function in 
reverse cholesterol transport. Current opinion in lipidology. 2010; 21 (3):229-38 
7. Bartelt A, John C, Schaltenberg N, Berbee JFP, Worthmann A, Cherradi ML, Schlein 
C, Piepenburg J, Boon MR, Rinninger F, Heine M, Toedter K, Niemeier A, Nilsson SK, 
Fischer M, Wijers SL, van Marken Lichtenbelt W, Scheja L, Rensen PCN, Heeren J  
Thermogenic adipocytes promote HDL turnover and reverse cholesterol transport. Nat 
Commun. 2017; 8:15010.10.1038/ncomms15010 
8. Tosheska Trajkovska K, Topuzovska S  High-density lipoprotein metabolism and 
reverse cholesterol transport: strategies for raising HDL cholesterol. Anatol J Cardiol. 2017; 
18 (2):149-54.10.14744/AnatolJCardiol.2017.7608 
9. Pizzini A, Lunger L, Demetz E, Hilbe R, Weiss G, Ebenbichler C, Tancevski I  The 
Role of Omega-3 Fatty Acids in Reverse Cholesterol Transport: A Review. Nutrients. 2017; 
9 (10).10.3390/nu9101099 
10. Temel RE, Brown JM  A new model of reverse cholesterol transport: enTICEing 
strategies to stimulate intestinal cholesterol excretion. Trends Pharmacol Sci. 2015; 36 
(7):440-51.10.1016/j.tips.2015.04.002 
11. DiMarco DM, Fernandez ML  The Regulation of Reverse Cholesterol Transport and 
Cellular Cholesterol Homeostasis by MicroRNAs. Biology (Basel). 2015; 4 (3):494-
511.10.3390/biology4030494 
12. Phillips MC  Molecular mechanisms of cellular cholesterol efflux. The Journal of 
biological chemistry. 2014; 289 (35):24020-9.10.1074/jbc.R114.583658 
13. Nagao K, Tomioka M, Ueda K  Function and regulation of ABCA1--membrane 
meso-domain organization and reorganization. FEBS J. 2011; 278 (18):3190-
203.10.1111/j.1742-4658.2011.08170.x 
14. Huang H, Yu B, Liu W, Lin Q, Chen L, Chen J, Duan L, Shi G  Serum apoprotein A1 
levels are inversely associated with disease activity in gout: From a southern Chinese Han 
population. Medicine (Baltimore). 2017; 96 (17):e6780.10.1097/MD.0000000000006780 
15. Ikhlef S, Berrougui H, Kamtchueng Simo O, Zerif E, Khalil A  Human paraoxonase 1 
overexpression in mice stimulates HDL cholesterol efflux and reverse cholesterol transport. 
PloS one. 2017; 12 (3):e0173385.10.1371/journal.pone.0173385 
16. Pandzic E, Gelissen IC, Whan R, Barter PJ, Sviridov D, Gaus K, Rye KA, Cochran 
BJ  The ATP binding cassette transporter, ABCG1, localizes to cortical actin filaments. 
Scientific reports. 2017; 7:42025.10.1038/srep42025 
17. Cserepes J, Szentpetery Z, Seres L, Ozvegy-Laczka C, Langmann T, Schmitz G, 
Glavinas H, Klein I, Homolya L, Varadi A, Sarkadi B, Elkind NB  Functional expression and 
characterization of the human ABCG1 and ABCG4 proteins: indications for 
heterodimerization. Biochemical and biophysical research communications. 2004; 320 
(3):860-7.10.1016/j.bbrc.2004.06.037 
18. Huang Y, Mahley RW  Apolipoprotein E: structure and function in lipid metabolism, 
neurobiology, and Alzheimer's diseases. Neurobiology of disease. 2014; 72 Pt A:3-
12.10.1016/j.nbd.2014.08.025 
19. Shen J, Tong X, Sud N, Khound R, Song Y, Maldonado-Gomez MX, Walter J, Su Q  
Low-Density Lipoprotein Receptor Signaling Mediates the Triglyceride-Lowering Action of 
Akkermansia muciniphila in Genetic-Induced Hyperlipidemia. Arteriosclerosis, thrombosis, 
and vascular biology. 2016; 36 (7):1448-56.10.1161/ATVBAHA.116.307597 
20. Linton MF, Tao H, Linton EF, Yancey PG  SR-BI: A Multifunctional Receptor in 
Cholesterol Homeostasis and Atherosclerosis. Trends Endocrinol Metab. 2017; 28 (6):461-
72.10.1016/j.tem.2017.02.001 
21. Gao S, Wang X, Cheng D, Li J, Li L, Ran L, Zhao S, Fan J, Liu E  Overexpression of 
Cholesteryl Ester Transfer Protein Increases Macrophage-Derived Foam Cell Accumulation 
in Atherosclerotic Lesions of Transgenic Rabbits. Mediators of inflammation. 2017; 
2017:3824276.10.1155/2017/3824276 
22. Bell TA, 3rd, Graham MJ, Lee RG, Mullick AE, Fu W, Norris D, Crooke RM  
Antisense oligonucleotide inhibition of cholesteryl ester transfer protein enhances RCT in 
hyperlipidemic, CETP transgenic, LDLr-/- mice. Journal of lipid research. 2013; 54 
(10):2647-57.10.1194/jlr.M036509 
23. Davis CG, van Driel IR, Russell DW, Brown MS, Goldstein JL  The low density 
lipoprotein receptor. Identification of amino acids in cytoplasmic domain required for rapid 
endocytosis. The Journal of biological chemistry. 1987; 262 (9):4075-82 
24. Wang H, Xu S, Sun L, Pan X, Yang S, Wang L  Functional characterization of two 
low-density lipoprotein receptor gene mutations in two Chinese patients with familial 
hypercholesterolemia. PloS one. 2014; 9 (3):e92703.10.1371/journal.pone.0092703 
25. Li T, Francl JM, Boehme S, Chiang JY  Regulation of cholesterol and bile acid 
homeostasis by the cholesterol 7alpha-hydroxylase/steroid response element-binding protein 
2/microRNA-33a axis in mice. Hepatology (Baltimore, Md). 2013; 58 (3):1111-
21.10.1002/hep.26427 
26. Hubacek JA, Bobkova D  Role of cholesterol 7alpha-hydroxylase (CYP7A1) in 
nutrigenetics and pharmacogenetics of cholesterol lowering. Mol Diagn Ther. 2006; 10 
(2):93-100 
27. Jia L, Betters JL, Yu L  Niemann-pick C1-like 1 (NPC1L1) protein in intestinal and 
hepatic cholesterol transport. Annu Rev Physiol. 2011; 73:239-59.10.1146/annurev-physiol-
012110-142233 
28. Gielen S, Laughlin MH, O'Conner C, Duncker DJ  Exercise training in patients with 
heart disease: review of beneficial effects and clinical recommendations. Prog Cardiovasc 
Dis. 2015; 57 (4):347-55.10.1016/j.pcad.2014.10.001 
29. Villella M, Villella A  Exercise and cardiovascular diseases. Kidney Blood Press Res. 
2014; 39 (2-3):147-53.10.1159/000355790 
30. Pinto PR, Rocco DD, Okuda LS, Machado-Lima A, Castilho G, da Silva KS, Gomes 
DJ, Pinto Rde S, Iborra RT, Ferreira Gda S, Nakandakare ER, Machado UF, Correa-
Giannella ML, Catanozi S, Passarelli M  Aerobic exercise training enhances the in vivo 
cholesterol trafficking from macrophages to the liver independently of changes in the 
expression of genes involved in lipid flux in macrophages and aorta. Lipids in health and 
disease. 2015; 14:109.10.1186/s12944-015-0093-3 
31. Maqdasy S, Trousson A, Tauveron I, Volle DH, Baron S, Lobaccaro JM  Once and 
for all, LXRalpha and LXRbeta are gatekeepers of the endocrine system. Mol Aspects Med. 
2016; 49:31-46.10.1016/j.mam.2016.04.001 
32. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P  Preferred reporting items for 
systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. 2009; 6 
(7):e1000097.10.1371/journal.pmed.1000097 
33. de Moraes R, Valente RH, Leon IR, Trugilho MR, Nobrega AC, Perales J, Tibirica E  
Chronic dynamic exercise increases apolipoprotein A-I expression in rabbit renal cortex as 
determined by proteomic technology. British journal of sports medicine. 2008; 42 (5):386-
8.10.1136/bjsm.2007.038646 
34. Khabazian BM, Ghanbari-Niaki A, Safarzadeh-Golpordesari A, Ebrahimi M, 
Rahbarizadeh F, Abednazari H  Endurance training enhances ABCA1 expression in rat small 
intestine. Eur J Appl Physiol. 2009; 107 (3):351-8.10.1007/s00421-009-1133-3 
35. Bouwman FG, van Ginneken MME, Noben J-P, Royackers E, de Graaf-Roelfsema E, 
Wijnberg ID, van der Kolk JH, Mariman ECM, van Breda E  Differential expression of 
equine muscle biopsy proteins during normal training and intensified training in young 
standardbred horses using proteomics technology. Comparative Biochemistry and Physiology 
Part D: Genomics and Proteomics. 2010; 5 (1):55-
64.https://doi.org/10.1016/j.cbd.2009.11.001 
36. Safarzade A, Talebi-Garakani E  Short term resistance training enhanced plasma 
apoA-I and FABP4 levels in Streptozotocin-induced diabetic rats. Journal of diabetes and 
metabolic disorders. 2014; 13 (1):41.10.1186/2251-6581-13-41 
37. Garelnabi M, Mahini H, Wilson T  Quercetin intake with exercise modulates 
lipoprotein metabolism and reduces atherosclerosis plaque formation. Journal of the 
International Society of Sports Nutrition. 2014; 11:22.10.1186/1550-2783-11-22 
38. Romani R, De Medio GE, di Tullio S, Lapalombella R, Pirisinu I, Margonato V, 
Veicsteinas A, Marini M, Rosi G  Modulation of paraoxonase 1 and 3 expression after 
moderate exercise training in the rat. Journal of lipid research. 2009; 50 (10):2036-
45.10.1194/jlr.M800493-JLR200 
39. Lee J, Cho HS, Kim DY, Cho JY, Chung JS, Lee HK, Seong NH, Kim WK  
Combined effects of exercise and soy isoflavone diet on paraoxonase, nitric oxide and aortic 
apoptosis in ovariectomized rats. Appetite. 2012; 58 (2):462-9.10.1016/j.appet.2011.12.015 
40. Nounou HA, Deif MM, Shalaby MA  Effect of flaxseed supplementation and exercise 
training on lipid profile, oxidative stress and inflammation in rats with myocardial ischemia. 
Lipids in health and disease. 2012; 11:129.10.1186/1476-511x-11-129 
41. Schweitzer NB, Alessio HM, Hagerman AE, Roy S, Sen CK, Nagy S, Byrnes RN, 
Philip BN, Woodward JL, Wiley RL  Access to exercise and its relation to cardiovascular 
health and gene expression in laboratory animals. Life sciences. 2005; 77 (18):2246-
61.10.1016/j.lfs.2005.01.036 
42. Ghanbari-Niaki A, Khabazian BM, Hossaini-Kakhak SA, Rahbarizadeh F, Hedayati 
M  Treadmill exercise enhances ABCA1 expression in rat liver. Biochemical and Biophysical 
Research Communications. 2007; 361 (4):841-6.https://doi.org/10.1016/j.bbrc.2007.07.100 
43. Rocco DD, Okuda LS, Pinto RS, Ferreira FD, Kubo SK, Nakandakare ER, Quintao 
EC, Catanozi S, Passarelli M  Aerobic exercise improves reverse cholesterol transport in 
cholesteryl ester transfer protein transgenic mice. Lipids. 2011; 46 (7):617-
25.10.1007/s11745-011-3555-z 
44. Zhang S, Liu Y, Li Q, Dong X, Hu H, Hu R, Ye H, Wu Y, Hu R, Li Y  Exercise 
improved rat metabolism by raising PPAR-alpha. International journal of sports medicine. 
2011; 32 (8):568-73.10.1055/s-0031-1271755 
45. Ghanbari-Niaki A, Ghanbari-Abarghooi S, Rahbarizadeh F, Zare-Kookandeh N, 
Gholizadeh M, Roudbari F, Zare-Kookandeh A  Heart ABCA1 and PPAR-α genes 
expression responses in male rats: effects of high intensity treadmill running training and 
aqueous extraction of black Crataegus-pentaegyna. Research in cardiovascular medicine. 
2013; 2 (4):153 
46. Kazeminasab F, Marandi M, Ghaedi K, Esfarjani F, Moshtaghian J  Endurance 
training enhances LXRalpha gene expression in Wistar male rats. European journal of 
applied physiology. 2013; 113 (9):2285-90.10.1007/s00421-013-2658-z 
47. Meissner M, Wolters H, de Boer RA, Havinga R, Boverhof R, Bloks VW, Kuipers F, 
Groen AK  Bile acid sequestration normalizes plasma cholesterol and reduces atherosclerosis 
in hypercholesterolemic mice. No additional effect of physical activity. Atherosclerosis. 
2013; 228 (1):117-23.10.1016/j.atherosclerosis.2013.02.021 
48. Ngo Sock ET, Chapados NA, Lavoie JM  LDL receptor and Pcsk9 transcripts are 
decreased in liver of ovariectomized rats: effects of exercise training. Hormone and metabolic 
research = Hormon- und Stoffwechselforschung = Hormones et metabolisme. 2014; 46 
(8):550-5.10.1055/s-0034-1370910 
49. Ngo Sock ET, Farahnak Z, Lavoie JM  Exercise training decreases gene expression of 
endo- and xeno-sensors in rat small intestine. Applied physiology, nutrition, and metabolism 
= Physiologie appliquee, nutrition et metabolisme. 2014; 39 (10):1098-103.10.1139/apnm-
2013-0573 
50. Castro MRT, Ferreira APdO, Busanello GL, da Silva LRH, Junior S, Porto ME, 
Fiorin F, Arrifano G, López MEC, Barcelos RP  Previous physical exercise alters hepatic 
profile of oxidative‐inflammatory status and limits the secondary brain damage induced by 
severe TBI in rats. The Journal of physiology. 2017;  
51. Ferreira GS, Pinto PR, Iborra RT, Del Bianco V, Santana MFM, Nakandakare ER, 
Nunes VS, Negrao CE, Catanozi S, Passarelli M  Aerobic Exercise Training Selectively 
Changes Oxysterol Levels and Metabolism Reducing Cholesterol Accumulation in the Aorta 
of Dyslipidemic Mice. Frontiers in physiology. 2017; 8:644.10.3389/fphys.2017.00644 
52. Rahmati-Ahmadabad S, Shirvani H, Ghanbari-Niaki A, Rostamkhani F  The effects of 
high-intensity interval training on reverse cholesterol transport elements: A way of 
cardiovascular protection against atherosclerosis. Life sciences. 
2018.10.1016/j.lfs.2018.08.036 
53. Pinto PR, da Silva KS, Iborra RT, Okuda LS, Gomes-Kjerulf D, Ferreira GS, 
Machado-Lima A, Rocco D, Nakandakare ER, Machado UF, Correa-Giannella ML, Catanozi 
S, Passarelli M  Exercise Training Favorably Modulates Gene and Protein Expression That 
Regulate Arterial Cholesterol Content in CETP Transgenic Mice. Frontiers in physiology. 
2018; 9:502.10.3389/fphys.2018.00502 
54. Kazeminasab F, Marandi SM, Ghaedi K, Esfarjani F, Moshtaghian J  Endurance 
training and LXR activation increased LXRα and ABCA1 transcripts in Wistar male rats. 
Science & Sports. 2018; 33 (3):152-7.https://doi.org/10.1016/j.scispo.2018.02.005 
55. Zare Kookandeh N, Deldar H, Ghanbari Niaki A, Ansari Pirsaraei Z, Rahmati 
Ahmadabad S, Raoof Z  ABCG1 Gene Responses to Treadmill Running with or without 
Pistachio-Atlantica in Female Rats. Iranian Journal of Health and Physical Activity. 2012; 3 
(1):1-7 
56. Ghanbari-Niaki A, Zare-Kookandeh N, Deldar H, Zare-Kookandeh A, Baghaei-
Tehrani R. Visceral Fat ABCG1, ABCG5 and Visfatin Gene Expression in Response to a 
Treadmill Running Program with or without a Liquid Pistachio- atlantica (Bene) Extraction 
in Female Rats2013. 9-15 p. 
57. Ghanbari-Niaki A, Rahmati-Ahmadabad S  Effects of a fixed-intensity of endurance 
training and pistacia atlantica supplementation on ATP-binding cassette G4 expression. Chin 
Med. 2013; 8 (1):23.10.1186/1749-8546-8-23 
58. Wilund KR, Feeney LA, Tomayko EJ, Chung HR, Kim K  Endurance exercise 
training reduces gallstone development in mice. Journal of applied physiology (Bethesda, Md 
: 1985). 2008; 104 (3):761-5.10.1152/japplphysiol.01292.2007 
59. Meissner M, Nijstad N, Kuipers F, Tietge UJ  Voluntary exercise increases 
cholesterol efflux but not macrophage reverse cholesterol transport in vivo in mice. Nutrition 
& metabolism. 2010; 7:54.10.1186/1743-7075-7-54 
60. Meissner M, Havinga R, Boverhof R, Kema I, Groen AK, Kuipers F  Exercise 
enhances whole-body cholesterol turnover in mice. Medicine and science in sports and 
exercise. 2010; 42 (8):1460-8.10.1249/MSS.0b013e3181cfcb02 
61. Cote I, Ngo Sock ET, Levy E, Lavoie JM  An atherogenic diet decreases liver FXR 
gene expression and causes severe hepatic steatosis and hepatic cholesterol accumulation: 
effect of endurance training. European journal of nutrition. 2013; 52 (5):1523-
32.10.1007/s00394-012-0459-5 
62. de Bem GF, da Costa CA, da Silva Cristino Cordeiro V, Santos IB, de Carvalho 
LCRM, de Andrade Soares R, Ribeiro JH, de Souza MAV, da Cunha Sousa PJ, Ognibene 
DT, Resende AC, de Moura RS  Euterpe oleracea Mart. (açaí) seed extract associated with 
exercise training reduces hepatic steatosis in type 2 diabetic male rats. The Journal of 
Nutritional Biochemistry. 2018; 52:70-81.https://doi.org/10.1016/j.jnutbio.2017.09.021 
63. Rahmati-Ahmadabad S, Ansari-Pirsaraei Z, Ghanbari-Niaki A, Deldar H, Zare-
Kookandeh N, Shahandeh F. Effect of 8 Weeks Treadmill Running with or without Pistachia 
Atlantica Liquid Extraction on Liver ABCG8 Gene Expression and Cholesterol Level in 
Female Rat2012. 38-43 p. 
64. Ghanbari-Niaki A, Rahmati-Ahmadabad S, Zare-Kookandeh N. ABCG8 Gene 
Responses to 8 Weeks Treadmill Running With or Without Pistachia atlantica (Baneh) 
Extraction in Female Rats2012. 604-10 p. 
65. Richardson MR, Lai X, Dixon JL, Sturek M, Witzmann FA  Diabetic dyslipidemia 
and exercise alter the plasma low-density lipoproteome in Yucatan pigs. Proteomics. 2009; 9 
(9):2468-83.10.1002/pmic.200800613 
66. Casquero AC, Berti JA, Teixeira LLS, de Oliveira HCF  Chronic Exercise Reduces 
CETP and Mesterolone Treatment Counteracts Exercise Benefits on Plasma Lipoproteins 
Profile: Studies in Transgenic Mice. Nature genetics. 2017; 52 (12):981-90.10.1038/ng.3977 
10.1007/s11745-017-4299-1 
67. Wei C, Penumetcha M, Santanam N, Liu YG, Garelnabi M, Parthasarathy S  Exercise 
might favor reverse cholesterol transport and lipoprotein clearance: potential mechanism for 
its anti-atherosclerotic effects. Biochimica et biophysica acta. 2005; 1723 (1-3):124-
7.10.1016/j.bbagen.2005.03.005 
68. Wen S, Jadhav KS, Williamson DL, Rideout TC  Treadmill Exercise Training 
Modulates Hepatic Cholesterol Metabolism and Circulating PCSK9 Concentration in High-
Fat-Fed Mice. Journal of lipids. 2013; 2013:908048.10.1155/2013/908048 
69. Ngo Sock ET, Mayer G, Lavoie JM  Combined Effects of Rosuvastatin and Exercise 
on Gene Expression of Key Molecules Involved in Cholesterol Metabolism in 
Ovariectomized Rats. PloS one. 2016; 11 (7):e0159550.10.1371/journal.pone.0159550 
70. Farahnak Z, Magri Tomaz L, Bergeron R, Chapados N, Lavoie JM  The effect of 
exercise training on upregulation of molecular markers of bile acid metabolism in the liver of 
ovariectomized rats fed a cholesterol-rich diet. ARYA atherosclerosis. 2017; 13 (4):184-92 
71. Rodrigues FM, Adelio JI, Santana VO, De Marco Ornelas E, de Souza RR, Cardoso 
CG, da Veiga GL, Fonseca FLA, Maifrino LBM  Physical exercise alters hepatic morphology 
of low-density lipoprotein receptor knockout ovariectomized mice. Medical molecular 
morphology. 2018.10.1007/s00795-018-0198-7 
72. Musman J, Pons S, Barau C, Caccia C, Leoni V, Berdeaux A, Ghaleh B, Morin D  
Regular treadmill exercise inhibits mitochondrial accumulation of cholesterol and oxysterols 
during myocardial ischemia-reperfusion in wild-type and ob/ob mice. Free Radical Biology 
and Medicine. 2016; 101:317-24.https://doi.org/10.1016/j.freeradbiomed.2016.10.496 
73. Robinson-Rechavi M, Escriva Garcia H, Laudet V  The nuclear receptor superfamily. 
J Cell Sci. 2003; 116 (Pt 4):585-6 
74. Chawla A, Repa JJ, Evans RM, Mangelsdorf DJ  Nuclear receptors and lipid 
physiology: opening the X-files. Science. 2001; 294 (5548):1866-
70.10.1126/science.294.5548.1866 
75. Favari E, Chroni A, Tietge UJ, Zanotti I, Escola-Gil JC, Bernini F  Cholesterol efflux 
and reverse cholesterol transport. Handb Exp Pharmacol. 2015; 224:181-206.10.1007/978-3-
319-09665-0_4 
76. Wang B, Tontonoz P  Liver X receptors in lipid signalling and membrane 
homeostasis. Nat Rev Endocrinol. 2018.10.1038/s41574-018-0037-x 
77. Repa JJ, Turley SD, Lobaccaro JA, Medina J, Li L, Lustig K, Shan B, Heyman RA, 
Dietschy JM, Mangelsdorf DJ  Regulation of absorption and ABC1-mediated efflux of 
cholesterol by RXR heterodimers. Science. 2000; 289 (5484):1524-9 
78. Oliver WR, Jr., Shenk JL, Snaith MR, Russell CS, Plunket KD, Bodkin NL, Lewis 
MC, Winegar DA, Sznaidman ML, Lambert MH, Xu HE, Sternbach DD, Kliewer SA, 
Hansen BC, Willson TM  A selective peroxisome proliferator-activated receptor delta agonist 
promotes reverse cholesterol transport. Proc Natl Acad Sci U S A. 2001; 98 (9):5306-
11.10.1073/pnas.091021198 
79. Butcher LR, Thomas A, Backx K, Roberts A, Webb R, Morris K  Low-intensity 
exercise exerts beneficial effects on plasma lipids via PPARgamma. Med Sci Sports Exerc. 
2008; 40 (7):1263-70.10.1249/MSS.0b013e31816c091d 
80. Rahmati-Ahmadabad S, Shirvani H, Ghanbari-Niaki A, Rostamkhani F  The effects of 
high-intensity interval training on reverse cholesterol transport elements: A way of 
cardiovascular protection against atherosclerosis. Life Sci. 2018; 209:377-
82.10.1016/j.lfs.2018.08.036 
81. Holt JA, Luo G, Billin AN, Bisi J, McNeill YY, Kozarsky KF, Donahee M, Wang 
DY, Mansfield TA, Kliewer SA, Goodwin B, Jones SA  Definition of a novel growth factor-
dependent signal cascade for the suppression of bile acid biosynthesis. Genes Dev. 2003; 17 
(13):1581-91.10.1101/gad.1083503 
82. He J, Nishida S, Xu M, Makishima M, Xie W  PXR prevents cholesterol gallstone 
disease by regulating biosynthesis and transport of bile salts. Gastroenterology. 2011; 140 
(7):2095-106.10.1053/j.gastro.2011.02.055 
83. Teng S, Piquette-Miller M  The involvement of the pregnane X receptor in hepatic 
gene regulation during inflammation in mice. J Pharmacol Exp Ther. 2005; 312 (2):841-
8.10.1124/jpet.104.076141 
84. Greene NP, Fluckey JD, Lambert BS, Greene ES, Riechman SE, Crouse SF  
Regulators of blood lipids and lipoproteins? PPARdelta and AMPK, induced by exercise, are 
correlated with lipids and lipoproteins in overweight/obese men and women. Am J Physiol 
Endocrinol Metab. 2012; 303 (10):E1212-21.10.1152/ajpendo.00309.2012 
85. Mooradian AD, Wong NC, Shah GN  Age-related changes in the responsiveness of 
apolipoprotein A1 to thyroid hormone. Am J Physiol. 1996; 271 (6 Pt 2):R1602-
7.10.1152/ajpregu.1996.271.6.R1602 
86. Taylor AH, Stephan ZF, Steele RE, Wong NC  Beneficial effects of a novel 
thyromimetic on lipoprotein metabolism. Mol Pharmacol. 1997; 52 (3):542-7 
87. Gullberg H, Rudling M, Forrest D, Angelin B, Vennstrom B  Thyroid hormone 
receptor beta-deficient mice show complete loss of the normal cholesterol 7alpha-
hydroxylase (CYP7A) response to thyroid hormone but display enhanced resistance to 
dietary cholesterol. Mol Endocrinol. 2000; 14 (11):1739-49.10.1210/mend.14.11.0548 
88. Johansson L, Rudling M, Scanlan TS, Lundasen T, Webb P, Baxter J, Angelin B, 
Parini P  Selective thyroid receptor modulation by GC-1 reduces serum lipids and stimulates 
steps of reverse cholesterol transport in euthyroid mice. Proc Natl Acad Sci U S A. 2005; 102 
(29):10297-302.10.1073/pnas.0504379102 
89. Tancevski I, Demetz E, Eller P, Duwensee K, Hoefer J, Heim C, Stanzl U, Wehinger 
A, Auer K, Karer R, Huber J, Schgoer W, Van Eck M, Vanhoutte J, Fievet C, Stellaard F, 
Rudling M, Patsch JR, Ritsch A  The liver-selective thyromimetic T-0681 influences reverse 
cholesterol transport and atherosclerosis development in mice. PLoS One. 2010; 5 
(1):e8722.10.1371/journal.pone.0008722 
90. Erion MD, Cable EE, Ito BR, Jiang H, Fujitaki JM, Finn PD, Zhang BH, Hou J, 
Boyer SH, van Poelje PD, Linemeyer DL  Targeting thyroid hormone receptor-beta agonists 
to the liver reduces cholesterol and triglycerides and improves the therapeutic index. Proc 
Natl Acad Sci U S A. 2007; 104 (39):15490-5.10.1073/pnas.0702759104 
91. Pedrelli M, Pramfalk C, Parini P  Thyroid hormones and thyroid hormone receptors: 
effects of thyromimetics on reverse cholesterol transport. World J Gastroenterol. 2010; 16 
(47):5958-64 
92. Palmisano BT, Zhu L, Eckel RH, Stafford JM  Sex differences in lipid and lipoprotein 
metabolism. Mol Metab. 2018; 15:45-55.10.1016/j.molmet.2018.05.008 
93. Li C, Zhang BB. Insulin signaling and action: glucose, lipids, protein. In: De Groot 
LJ, Chrousos G, Dungan K, Feingold KR, Grossman A, Hershman JM, et al., editors. 
Endotext. South Dartmouth (MA)2000. 
94. Panousis CG, Zuckerman SH  Regulation of cholesterol distribution in macrophage-
derived foam cells by interferon-gamma. J Lipid Res. 2000; 41 (1):75-83 
95. Khovidhunkit W, Moser AH, Shigenaga JK, Grunfeld C, Feingold KR  Endotoxin 
down-regulates ABCG5 and ABCG8 in mouse liver and ABCA1 and ABCG1 in J774 murine 
macrophages: differential role of LXR. J Lipid Res. 2003; 44 (9):1728-
36.10.1194/jlr.M300100-JLR200 
96. Panousis CG, Evans G, Zuckerman SH  TGF-beta increases cholesterol efflux and 
ABC-1 expression in macrophage-derived foam cells: opposing the effects of IFN-gamma. J 
Lipid Res. 2001; 42 (5):856-63 
 
